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Thispaperdescribes theconceptdevelopmentandwork todate, of an innovative ‘true’ building integrated
wind turbine. Thecontext for this is the roleof small-scale renewableenergy inaddressingclimate change.
In the UK a number of small wind turbines have reached the market, however, in almost all cases, these
are existing HAWT or VAWT tower mounted systems. Due to their inherent design qualities, and issues
such as planning requirements, these have much reduced output due to their form and siting and are
unable to take advantage of augmented airﬂow around buildings.uildings
nergy
enewables
mall wind
urbine
rban
The Crossﬂex proposal is a radical new development of a Darrieus turbine form. As well as having a
technically innovative ﬂexible blade system, it also utilises a lightweight cowling system that can provide
both augmented airﬂow and improved visual integration into new and existing building forms. It is a
modular form that can be sited on ridges and corners of buildings to provide useful levels of generation.
© 2010 Elsevier B.V. All rights reserved.ntegration
ousing
. Introduction
The increasing threats of climate change, along with dimin-
shing fossil fuel energy sources, and uncertainly over security
f energy supplies, underscore the increasing value of renewable
nergy. The UK Government has set some challenging targets to
eet its obligations under the Kyoto climate change protocol. Both
he UK The Climate Change Act [1] and the Scotland Government
limate Change (Scotland) Act 2009 requires an 80% reduction by
050 [2].
The role of the built environment is crucial to these objectives.
uildings account for about 50% the UK energy consumption, and
ousing produces 27% of CO2 emissions [3]. European legislation
ow requires energy performance certiﬁcates and the 2008 budget
nnounced a target for all new housing to be carbon neutral by
016, with all new buildings carbon neutral by 2019.
Much of this legislation is directed at new buildings, however,
hese represent only 1.5% of the UK building stock year. The Carbon
rust has identiﬁed that 60% of the buildings due to be stand-
ng in 2050 already exist and, even more importantly, nearly half
f these buildings will have been built before 1985 when Part
was ﬁrst introduced [4]. Consequently, both new and perhaps
∗ Corresponding author. Tel.: +44 0 141 353 4740; fax: +44 0 141 353 4740.
E-mail address: t.sharpe@gsa.ac.uk (T. Sharpe).
378-7788/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.enbuild.2010.07.032more importantly, existing buildings, will need to reﬂect these
standards.
Whilst a substantial proportion of these targets may be met
through reduction in demand and large-scale energy generation,
there is increasing interest in distributed (also known as embed-
ded and micro) energy generation, produced on or by buildings,
through a range of technologies such as photovoltaics, combined
heat and power, and wind.
As distributed generators are mostly those generating power
from renewable energy sources, they are extremely well placed to
helpachieveGovernment targets [5]. Several reports suchas theDTI
Micro-generation strategy [6] and the Scottish Executive Energy
Efﬁciency and Micro-Generation Bill proposal [7] have highlighted
the potential beneﬁts of this approach and provided government
support through the Energy Savings Trust andCarbonTrust funding
schemes.
Planning authorities are also required include policies in their
development plans that require a percentage of the energy in new
developments to come from on-site renewables [9].
Furthermore the introduction of Feed In Tariffs (FIT) in 2011will
provide further incentives for adoption of low energy strategies [8].Although the political will has been established, the means by
which these targets can be achieved is less evident. Because of
the these recent shifts, in part triggered by policies such as the
Merton rule (www.themertonrule.org), but also ambitions on the
part of some designers and clients and stimulation from grant
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id (www.energysavingtrust.org.uk) there have been an increasing
umber of attempts to use building integrated renewables, includ-
ng wind turbines.
The difference between installations on existing or new build-
ngs is also important. In considering the most effective use of
esources, for new buildings the most efﬁcient strategy is to use
nsulation and low energy devices to reduce demand and as a con-
equence, the need for energy is small. However, the situation
hanges when considering existing buildings. Much of this stock
as poor performance, and opportunities for reduction in demand
re far more limited. It is this sector therefore which can derive the
reatest beneﬁt from renewables and devices should be available
or this sector.
There have been major advances in the technology and efﬁ-
iency of large-scale wind installations, but the use of small
urbines in urban areas is a relatively under researched area. Previ-
us work byMertens has identiﬁed that there are possible beneﬁts
rom the theoretical augmentation of wind ﬂow around buildings
10,11], and this research has been developed in relation to build-
ng forms [12–15] and the use of ductedwind systems on buildings
16,17].
However, the majority of actual installations in urban con-
exts have been made using conventional HAWT, with some
se of VAWT systems. These have generally been mast-mounted
evices, which are designed for open sites. Difﬁculties have
een encountered when placing these in urban contexts in
elation to both predicted and actual performance. Despite
ttempts to improve this by tools such as -wind [5], subsequent
esearch has shown that performance remains highly site-speciﬁc
18].
Although there is a clear potential, recent work indicates that
here is increasing evidence that mounting turbines on to or near
uildings has been detrimental to performance [19] resulting in
elatively poor cost-effectiveness [20].
The other issue that has arisen is that of appearance and inte-
ration. In considering the use and performance of current turbines
echnologies on buildings, the importance of appearance should
ot be underestimated in this market. Although current planning
dvice notes such as the Planning Policy Statement 22 have eased
he situation the visual form and resultant placement of turbines
emains problematical, with planning requirements to minimise
isual impact at odds with technical requirements to have maxi-
um exposure of the turbine. An example of this is that statutory
lanning consents may not be required if the turbine is below the
ooﬂine.
Several commercially available turbines have beenmarketed for
he built environment as evidenced in their product literature, for
xample, Swift – “the ﬁrst quiet rooftop wind turbine” [21]. This
romotionhasprimarily been through their aesthetic performance,
ather than any direct beneﬁt of being building mounted. Some
AWT turbines have also been used in urban environments, such
he Quiet Revolution produced by XCO2 “designed in response to
ncreasing demand for wind turbines that work well in the urban
nvironment” [22]; and Turby “especially designed for use in the
uilt-up environment (urban areas) on the rooftop of high build-
ngs” [23]. VAWT turbines have the advantage they do not need
o rotate to face wind direction, and are visually more suited to
e building mounted, but in general are not as efﬁcient as HAWT
nstallations. The fact that the popularity of some turbine forms is
ot based solely on their generating capacity illustrates the value
lacedon theappearanceofdevices thatwill bevisible to thepublic.
hilst attractive appearance may be a useful driver to adoption of
his technology, there is some inherent risk in this if the rationale of
onsumers becomes more to do with a public proﬁle, rather than
realistic assessment of energy production. The term ‘eco-bling’
as been used to describe ostensible, but ineffectual devices. Nev-ildings 42 (2010) 2365–2375
ertheless, if systems are productive, then carbon reductions will be
achieved.
Concerns have also been raised about the longevity and safety of
turbineswithin the urban environment and possible consequences
of failure. One of the advantages of use of conventional turbine
forms is their track record of reliability and robustness, but this
then mitigates against the use of novel devices, especially when
used in areas of complex airﬂow.
The additional cost of installation is also proving to be a sig-
niﬁcant barrier to building mounted systems [24]. Most systems
require a bespoke adaption to a generic ground ﬁxing system and
this requires additional design and fabrication as well as statutory
permissions such as building warrant. Furthermore, the costs of
installation and later maintenance, for example crane hire, road
closure and costs associated with working at height, particularly
on high or exposed parts of buildings, compromise their cost-
effectiveness.
Although it can be demonstrated that there are economies of
scale that can improve pay-back, the most effective technique –
use of larger turbines – is not visually or technically feasible on
buildings. There are four reasons for this.
1 Large turbineswouldgenerate signiﬁcant loadson thehost build-
ing. These are generally not problems of the lateral stability of
the building itself, but more localised loads onto the connection
points.
2 The ability to access the turbine for maintenance or repair would
be difﬁcult and expensive.
3 Potential environmental factors such as noise and vibration may
become more apparent, especially when the generator becomes
large enough to require a gearing mechanism.
4 The relationship of the size of the turbine to the building itself.
Although larger buildings could accommodate larger turbines,
the overall proportion would limit what was visually acceptable.
In summary, whilst there are policy and economic drivers lead-
ing to an increasing demand for urban turbines, the current state of
the art has not produced an effective building integrated turbine.
At present it seems unlikely that a solutionwill emerge from a con-
ventional HAWT, which in general are designed for mast mounting
in unobstructed areas. In considering the shortfalls of existing sys-
tems, the following desirable characteristics emerge:
• Building integrated for visual performance.
• Building integrated for augmented ﬂow.
• Scalable and economic through modularity.
• Good power output in turbulent and gusting sites.
• Ease of installation.
• Applicable in a wide variety of locations.
The Crossﬂex turbine concept was developed speciﬁcally in
response to demands for turbines in urban situations. The work,
initially funded by a SMART award is still in developmental stages.
This paper is intended to provide an outline of the concept, and its
potential impact in the built environment, and the following sec-
tions describe its general technical characteristics, and its potential
for building integration.
2. Turbine designCrossﬂex takes an existing concept, but uses it in a novel form.
Georges Jeans Mary Darrieus invented the Darrieus turbine in
1931. It consists of two or more ﬂexible aerofoil blades, which are
attached to both the top and the bottom of a vertical rotating verti-
cal shaft. The wind blowing over the aerofoil contours of the blade
T. Sharpe, G. Proven / Energy and Buildings 42 (2010) 2365–2375 2367
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is found simply by taking the sum of the elemental torques for allFig. 1. Crossﬂex concept image.
reates aerodynamic lift, which provides a forward driving force to
ach of the blades thus generating mechanical power (Fig. 1).
Previous attempts to develop a large-scale commercial form
ave not generally been successful due to limitations of the design.
n comparison to HAWT turbines, they have a rather low efﬁciency
nd have been unable to compete economically with megawatt-
ized developments. In largermachines the length of the blades can
ead to problems of vibration and noise at certain rotational speeds.
s the blades move at higher speeds than the ambient wind, they
an experience excessive speeds in high winds, and braking sys-
ems are required to control this. They have a high torque at low
peeds, and therefore are not self-starting. In their conventional
AWT form they produce large loads on the shaft and bearings and
here is a large cantilever action on the mounting.
The Crossﬂex turbine incorporates several innovative aspects to
ddress these problems. The principle concept is to take the Dar-
ieus form, but mount it within a frame with the shaft held at both
nds so it can conceivably operate with the axis of rotation aligned
ither vertically or horizontally. This also reduces the loads on the
earings and shafts. The turbine is then held within a rigid cowling
hat enables it to be mounted on supporting building structures.
The principal innovations are:
It maximises efﬁciency by incorporating a low solidity and low
inertial mass design for the turbine blades.
Itminimises the bending stress in the blades via theuse of ﬂexible
blades, which act as a “skipping rope” and rapidly assume their
natural troposkien shape at rated speed.
Limitation of the rotational speed of the turbine in high wind
conditions can utilise a mechanism at the blade root(s), which
induces a twisting of the blades out of optimum lift conditions,
incorporating either stall or feathering conditions.
Thedistribution loads results in low loading imposedon structure
mountings and reduced vibration compared to both small-scale
HAWT and previous Darrieus-type turbines.
Absence of rotor blade tips produces signiﬁcantly less noise with
each revolution.
It has the capability to extract energy from wind from any direc-
tion and additionally will cope with the turbulent ﬂows which
can occur around buildings
Mounting within the cowling enables reduced loads on the
shaft and bearings, potential augmented airﬂow over the blades,
improved load distribution to supporting structures and better
visual integration.
The research to date has examined a number of issues related
o the theoretical performance, particularly those relating to theFig. 2. Streamtube parameters.
blade design. Work has also been undertaken on the potential for
building integration.
2.1. Theoretical modelling
In order to test the performance, analysis has been undertaken
using a theoretical model developed from themultiple streamtube
momentum balance approach ﬁrst developed by Strickland [25]
and later improved by Paraschivoiu [26].
The streamtube model describes most of the characteristics of
the Darrieus turbine in operation but cannot account for more
empirical phenomena such as dynamic stall, blade vortex inter-
action and so further work will be undertaken in laboratory scale
testing. Modiﬁcations made to the model were the inclusion of
downwind loss factor of 0.8 on the velocity proﬁle available to the
blades when operating in the downwind region, and pitch angle
was introduced allowing user to specify a toe-in or toe-out angle.
At this stage the critical design issues include the variable twist
aerofoil sections, the pitch control mechanism, aeroelastic stabil-
ity issues and noise and vibration control (Fig. 3). These have been
examined formore speciﬁc purposes such as analysing self-starting
capabilities, assessing toe-in/toe-out angles, factoring for down-
wind losses and crucially, investigating the potential for passive
over-speed control via blade pitch control (Fig. 2).
2.2. Methods and procedure
The streamtubemethod takes equal length sections of the blade
along the rotor axis and carries out a momentum balance.
The model interprets the troposkien shape of the blade as non-
dimensionalised vertical and horizontal displacement variables.
The values of angle of attack, ˛, and relative wind velocity, W, are
calculated from the meridional angle, the free-stream wind speed,
the azimuth angle and the rotor rpm through Eq. (1).
˛ = tan−1
(
V sin  sin ı
V cos  + rω
)
and W sin˛ = V sin  sin ı (1)
The model takes the Cl (Coefﬁcient of Lift) and Cd (Coefﬁcient of
Drag) data at a certain Reynold’s number and calculates both the
tangential and the normal coefﬁcients of thrust for each section of
the blade based on the geometry of the troposkien shape for each
value of ˛ as it varies along the blade.
The next step is to use those values of normal coefﬁcient of
thrust (CN) and tangential coefﬁcient of thrust (CT) together with
the surface area of each blade segment in order to calculate the ele-
mental torque (TS) for each segment. The torque for one blade (TB),the elements comprising a blade.
This gives the instantaneous torque at a speciﬁc azimuth angle
for one blade. By introducing a phase angle it was possible to sim-
ulate the equal separation of 3 identical blades and the effect this
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ould have on the aggregate instantaneous rotor torque for one
otation. Since the coefﬁcient of power (Cp) is calculated from the
verage rotor torque per rotation, a decision was made to take the
ggregate instantaneous torque for all 3 blades and divide by the
umber of increments of azimuth angle,whichnumber37 (0–360◦)
n this case.
By using Eq. (2) below, a value for Cp can be calculated and
he process can be iterated as many times as desired to provide
ufﬁcient data to create a power curve.
p = T¯ω
1/2
NS∑
1
2rhV3∞
(2)
The streamtube model spreadsheet has a number of user inter-
aces, allowing every variable in the model to be changed; from
erofoil section, troposkien shape, blade chord, rotor height, rotor
iameter.
In addition a number of Visual BasicTM macros were written to
utomate and streamline the calculations and iterations behind the
ethod of the streamtube model. These are as follows:
“Calculate torque” – This macro acts to change the value of
azimuth angle  until all values of elemental torque TS from
 =0–360◦ have been calculated for.
“Resultant streamwise force” – This macro calculates the loss of
momentum through the streamtube which then iterates to ﬁnd
the velocity interference factor from the rotor. In addition to this,
a downwind loss factor is imposed.
“Calculate AA vs azimuth” – This calculates the variation in angle
of attack with azimuth at the blade equator
“Power Output” – Not a macro but calculates the rated power
output using the Cp value at rated power.
Fig. 3. Streamtube proildings 42 (2010) 2365–2375
2.3. Reynold’s number
The blade Reynold’s number (Re) is calculated through Eq. (3):
Re = UD
v
(3)
where : density, U: local velocity, D: dimensional parameter,
: kinematic viscosity. Taking operating conditions as rated, the
range of Reynold’s number on each blade from Vcut-in to Vrated is
from 60,000 at the blade ends/hub to 350,000 at the blade equator.
A decision was made to take the values of Cl and Cd at 360,000,
as this accurately describes the blades at their rated condition and
provides a good overall idea of the turbine performance.
However, the Reynold’s number could be important particular
when considering start-up at lower apparent wind speeds. There-
fore, in further analysis the Cl, Cd data can be changed to the data
corresponding to an appropriate Re, when start-up is being con-
sidered more in-depth. The difference in Cl, Cd values within this
range of Re is not signiﬁcant enough towarrant recalculation at this
stage.
Although the multiple streamtube model does not have an in-
built facility to account for difference in upwind and downwind
velocities, it was very easy to incorporate this by simply adding a
loss factor to the induced velocities in the upwind region. This gave
rise to a more realistic model, which truly represented the differ-
ence inmagnitude between the upwind and downwind sections of
the blade rotational envelope.The following analysis has been based on a turbine with
the following speciﬁcations: Rotor height =2.73m, diame-
ter =2.436m, chord=0.07m, blade length=3.55m, blades =3,
swept area =4.44m2). Detailed analysis is beyond the scope of this
paper, but several key characteristics are emerging.
cess ﬂowchart.
nd Buildings 42 (2010) 2365–2375 2369
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. Discussion
.1. Blade design
The blade design incorporates low solidity and low mass mate-
ials. These ﬂexible blades rapidly assume their natural troposkein
hape at speed. Several conﬁgurations of blade cross-section are
nder consideration. As very little bending is experienced, there
s greater scope for use of anisotropic materials, or composites to
rovide the section shape, with various conﬁgurations of ropes or
ires providing the principal tensile strength.
One of the principle advantages of the inherent ﬂexibility is the
bility to induce twisting in the blades. The ability to change the
erodynamic properties leads to the possibility of optimisation of
erformance in a number of areas including equalisation of torque
orces, rotor speed control and over-speed limitation.
The intention is to utilise a twisting mechanism at the blade
oot(s), which deforms the blade across its length. Mechanisms to
nduce this twisting are still under development and may occur at
ne blade end, at both, or in the centre. Ideally the twisting mech-
nism will occur naturally through the centripetal tension in the
lades, but itmayneed to be augmentedby theuse ofmotors or any
ther suitable control device. Where this is the case, the twisting
ill not be caused directly by the centripetal tension in the blades
ut will nonetheless be linked to this value. In other words the
otor or control device will operate at the same critical rotational
peed, determined perhaps instead by accelerometers.
The ability to use the properties of the blades to generate twist-
ng enables several enhancements to performance and operation
nd these are discussed below.
.2. Pitch control
One of the difﬁculties with this turbine type is the unequal dis-
ribution of torque forces on the upwind and downwind cycles. An
nalysis of the effects of blade angle on performance was under-
aken using the streamtube model and this is shown in Fig. 4.
In the analysis this is addressed by imposing a negative pitch
r “toe-out” angle to favour the downwind case. The aerodynamic
ffect of doing this is fairly simple and can be shown in Fig. 5.
On the upwind case, the effect of a negative pitch angle is to
educe theeffective angle of attackon theaerofoil. In thedownwind
ase the opposite is true, where the negative pitch angle acts to
ncrease the new angle of attack due to the angle of attack already
eing negative in this region.
Examination of the case with a 0.5◦ toe-out produces the fol-
owing result shown in Fig. 6.
Clearly this now produces a more even peak torque distribu-
ion at rated rpm. However, this effect only applies at the rated
Fig. 4. Variation in blade 1 torque with azimuth angle.Fig. 5. Upwind and downwind toe angles.
wind speed, and the problem with imposing a constant toe-out
angle which produces even torque peaks at rated wind speed is
that above andbelow the ratedwind speed, theuneven torquepeak
will appear again due to the different variations in angle of attack.
In other words a toe-out angle of −0.5◦ will only favour conditions
at rated wind speed (10.5m/s in this case).
Examination of blade torque at higher and lower wind speeds
indicates that the imbalance returns with increasing difference
between rated wind speeds.
Whilst variations in pitch have little effect on the overall coef-
ﬁcient of performance and small toe-out angle to smoothen out
the torque peaks of the upwind and downwind sections a constant
pitch angle can never smooth out the torque peaks for the entire
operational envelope.
With a ﬁxed angle the optimum pitch would be generated from
the following parameters:
• Even torque peaks at rated velocity,
• Even peak torques just before rated,
• Even peak torques at start-up, etc.
However, the inherent ﬂexibility of the blades provides the
possibility of a dynamic pitch angle, whereby the blade can be con-
ﬁgured with a spring to gradually increase the magnitude of the
negative pitch angle with increasing rpm (via centrifugal force).
After experiment, the best pitch angles for even torque peak are
shown in Fig. 7:
This shows a linear relationship between wind speed and pitch
angle required for even torque peaks. This could allow the use of a
linear spring in order to control the pitch angle.
3.3. Pitch control of rotor rpmHaving established the potential for using small toe-out angles
to improve uneven torque, the next step was to assess the effec-
tiveness of pitch control to limit the turbine rpm at high wind
conditions or in case of generator failure. For an unloaded turbine
or for an insufﬁciently loaded turbine in gust conditions, the power
Fig. 6. Variation in blade 1 torque with azimuth angle at 10.5m/s.
2370 T. Sharpe, G. Proven / Energy and Bu
Fig. 7. Wind speed vs pitch angle for constant torque peak.
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roducedby the turbinewill increaseexponentiallywith increasing
ind speed as shown in Fig. 8 below.
Since the intention is to produce a turbine with a rated power,
t is necessary to provide a means of over-speed limitation which
nhibits further torque increase beyond the corresponding rated
ind speed. This is indicated in red. Limiting the rotor rpm is also
mportant when considering the generator coupled to the rotor
haft, as most generators operate most effectively within a fairly
arrow ratio of maximum to minimum rpm (usually about 4–1).
Since the coefﬁcient of power equation is simply the average
orque per rotation divided by the dynamic power in the wind, it
s clear that in order to limit the power output of the turbine, one
ust limit the average torque per rotation above the rated wind
peed. Since the average torque will depend on the combination
f both upwind and downwind halves of one rotation, an iterative
rocess must be carried out to identify the best pitch angle to limit
he speed sufﬁciently beyond this point.
Examining power curves with varying speeds as shown in Fig. 9
eveals that the shaft mechanical power Pm rises to amaximum for
Fig. 9. Power curve with increasing wind speed.ildings 42 (2010) 2365–2375
each wind speed for a particular value of rotational speed. Higher
wind speeds have more power in the wind, and the change in tip
speed ratio with increasing wind speed causes the maximum to
shift to a higher rotational speed. Maximum power is reached at
334 rpm in a 6m/s wind and at 716 rpm in a 12m/s wind. Themax-
imumpossible shaft power in a 12m/swind is approximately eight
times that in a 6m/s wind, as would be expected from the cubic
relationship with wind speed. At 350 rpm we are close to the max-
imum shaft power for V=6m/s, but are below the maximum for
higher wind speeds. In fact no additional power can be obtained
from the wind above about 12m/s because curves for higher wind
speeds follow the same line at this rotational speed. At 450 rpmwe
are close to the maximum shaft power at V=8m/s, and are able to
extract signiﬁcantly more power from the wind for wind speeds
above 8m/s than was possible at 350 rpm. It would appear that if
ﬁxed speed operation is required, then 450 rpm is a good choice of
operating rpm for sites with a high percentage of winds between 6
and 10m/s since the turbine can deliver nearly the maximum pos-
sible shaft power over this wind speed range. A higher ﬁxed shaft
speed would be justiﬁed only if there were a signiﬁcant fraction
of wind speeds above 10m/s, which is unlikely in urban environ-
ments. Increasing the shaft speed above 450 rpm would decrease
the power for winds below 8m/s, and so this would be a signiﬁcant
penalty at many sites especially considering the turbine start-up.
However, a further possibility for optimisation occurs when
considering a variable speed rotor. Most wind turbines operate at
ﬁxed rotational speeds except when starting and stopping. This
simpliﬁes system operation when using synchronous generators
paralleled with the utility grid. It also helps to prevent the tur-
bine from being operated at a speedwhichwill excite amechanical
resonance that might damage the turbine.
However, ﬁxed speed operationmeans that themaximum coef-
ﬁcient of performance Cp is available only at one particular wind
speed. A lower coefﬁcient of performance is observed for all other
wind speeds, which reduces the energy output below that which
might be expected from variable speed operation.
If the turbine speed could be adjusted in relation to the wind
speed, then a higher average coefﬁcient of performance and a
higher average output could be realised. Variable pitch operation
increases complexity and cost in conventional VAWT turbines, but
if passivepitch control canbe achieved inCrossﬂex it raises thepos-
sibility of a variable speed turbine operation. If the load can accept
shaft power according to themaxpower curve in Fig. 13 the turbine
will then operate at maximum power for any given wind speed, so
the energy output will be maximised. If this maximum energy out-
put can be obtained without increasing losses or costs, the system
could extract more energy from the wind at a lower cost per unit
of energy.
Variable speed operation requires a load which has a suitable
curve of power input vs rotational speed. In examining various
types of loads Johnson [27] established that the input power to
pumps and fans often has a cubic variation with rotational speed.
The power input to an electrical generator connected to a ﬁxed
resistancewill vary as the square of the rotational speed. The power
input to a generator used to charge batteries will vary even more
rapidly than cubic. Load curves like the one shown in Fig. 13 are
therefore quite possible, so variable speed operation is possible
with several applications. Also, the use of power electronics and
intelligent control systems could optimise the generator power
demand in order to coincide with the rotor power for maximum
aerodynamic efﬁciency.Analysis of the turbine torque vs the load torque indicates that a
variable speed turbine is technically possible. There is a possibility
of simpliﬁed construction and lower costs and also a possibility of
greater energy production from a given rotor. Fixed speed systems
will probably dominate where induction or synchronous genera-
T. Sharpe, G. Proven / Energy and Bu
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mechanismmay therefore involve the partial release of one or bothFig. 10. Meridion angleTM.
ors areused to supplypower to thegrid, butvariable speedsystems
ay ﬁnd a role in stand-alone situations.
.4. Over-speed protection
Althoughageneratorwitha suitable loadcharacteristic can limit
he rotor speed, a further limiting device is required should the
enerator either fail or provide insufﬁcient counter torque in gusty
onditions. Ideally this other speed limiting device will take the
orm of a passivemechanismwhich induces a greater pitch change
t a speciﬁc rpm and so drastically reduces the aerodynamic per-
ormance of the blades in order to limit the rotor torque above that
pm.
However, pitching for purposes of limiting rotor speed is not
early as simple in the case of a Darrieus VAWT compared to that
f a conventional HAWT. With a Darrieus turbine it is important to
ote that the bladewhen adopting its natural troposkien shapewill
ave a continually varyingmeridian angle, ı, depending onposition
long the rotor axis, as shown in Fig. 10.
As such, the velocity vectors will be constantly changing with
espect to the aerofoil chord, which ultimately translates to a con-
inually varying angle of attack depending on position along the
otor axis (shown in Fig. 14 as the vertical axis). In addition, the
ngle of attack also changes with the azimuth angle, . In other
ords for each rotation the angle of attack at any point on the blade
ill cycle between maximum and minimum values.
Initial analysis through a case study indicates a pitch angle of
17.5◦ results in an average rotor torque per rotation of 5.59Nm.
ince the zero pitch average torque per rotation was 13.15Nm,
+17.5◦ pitch angle would lead to a drop off in rpm, in order to
aintain balance between the generator counter torque and the
echanical torque of the rotor. This angle provides a combination
fmainly pitching to stall (upwind) but also slight pitching towards
eathering (downwind) produces the best result for limiting the
peed of the turbine at 500 rpm.
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However, with such a large pitch is likely to have effects on both
rotor stability and power output. With the effect of a +17.5◦ pitch
angle, the aggregate torque of all three blades combines to pro-
duce a considerably more sinusoidally varying output compared
with the zero pitch case. Clearly, the rotor torque at zero pitch
angle is more consistent for one full rotation, when compared to
the same at a +17.5◦ pitch angle, which features torque peaks at
90◦, 210◦ and 330◦. This “peaky” rotor torque behaviour at high
pitch angles could prove to be problematic for the turbine stability.
Hopefully, the structural integrity and the larger centrifugal forces
would negate the effects of this peaky torque at high pitch angles.
In addition, the turbine should be designed so that the passive pitch
speed limiting device operates seldom; namely at very high wind
conditions or in case of generator failure.
Possible models being examined include twisting of the blade,
either through feathering or stalling. This will depend on the blade
material and construction, and also the nature of the ﬁxing at the
blade root. The use of dampers at these points, either at one end or
both ends, seems the most promising approach.
Theremay be an additional need for a releasemechanismwhich
would operate to provide aerodynamic limiting of the upper rota-
tional speed should normal speed limiting measures fail.
Under certain conditions (a predeﬁned threshold rotational
speed) the release mechanism will release all blades simultane-
ously to avoid imbalance.
The mechanism for doing this could include (but not be limited
to):
• Blade release clamp induced by tension force in the blade due
to centripetal forces on the blade as it rotates. Calibration of this
release clamp will be achieved using pre-stressed springs
• A loop of wire or chord of known breaking strength which
restrains each blade by looping through a pin in the blade. If
the rotational speed reaches over-speed condition then the loop
breaks and all the blades are released from the slots.
The release mechanism will likely involve (but may not nec-
essarily be limited to) the release of one end of the blades. Theends of the blades, whereupon the blade is only partially released
from the hub to the extent that it deforms the troposkien shape but
is still connected to the shaft via upwardsordownwardsmovement
on a rail.
de elevations.
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edges; or vertical mounting on building corners in plan.
This enables placement where concentration of wind occurs,
for example, rising ﬂow up vertical surfaces, or toward the pre-
vailing wind direction on building corners or ridges. The turbine
does not need to yaw to face wind direction, but some locations372 T. Sharpe, G. Proven / Energy a
The power density based on the streamtube analysis is promis-
ng, indicating a power output of up to 1kW and a power density
.196kW/m2. However, this analysis does not take into account
nduced velocities. Allowing for this but also modifying the toe-
ut angle indicated a ﬁgure of 0.79kW, but work on ducted and
ugmented systems suggests that additional enhancements are
ossible through the form of the cowling.
.5. Building integration
Most iterations of the Darrieus form have placed the turbine
n a mast. The mast is cantilevered from the ground, which causes
ending stresses on the shaft and requires a rigid foundation.When
uilding mounted, this causes high ocalised loads on the build-
ng structure. A signiﬁcant development of the Crossﬂex concept
s the placement of the turbine within a cowling and the general
rrangement is shown in Fig. 11.
There are a number of advantages to this.
The shaft is supported at either end and therefore is in simple
bending. Consequently the loads on the ﬁxings, shaft and bear-
ings are signiﬁcantly reduced and smaller and lighter elements
can be used. In theory itmay be possible to omit the shaft entirely
and utilise the stiffness of the frame, both to support the bear-
ings and blades, but also to contribute to passive pitch control
mechanisms.
The cowling also provides a much greater range and spread of
potential ﬁxing points to the host structure. Not only does this
spread the loads imposed onto the host structure, it also enables
a degree of adaption to varying underlying forms. Thus ﬁxing
points can be positioned, within certain limits, to suit the struc-
tural system of the host structure. This is a critical aspect in
relation to the application to existing buildings, in which the
structure is varied, and generally cannot be altered. For example,
abuildingwith steel trusses at 2400mmcentres sectionmayonly
require four ﬁxing points on two trusses, but one with weaker
timber trusses at 600mm centres may accommodate up to ten
ﬁxings over ﬁve trusses. Fixings to solid substrates such as con-
crete or brickwork can be centres appropriate to the strength
Fig. 12. Variable placement options.ildings 42 (2010) 2365–2375
of the material. Overall weight of the turbine has not yet been
estimated and will depend on the materials used to form the
cowl. The structure also needs to be sufﬁcient to accommodate
vibration, particularly in respect of variable torques experienced
during over-speed protection However, given the lightweight
nature of the blades and cowl materials, overall loads will com-
pare favourably with convential HAWT systems.
3 The form of the cowl has the potential to augment and concen-
trate airﬂow over the blades. One of the variable factors in the
urban environment is the presence of turbulent airﬂows and vor-
tex shedding of around buildings. As buildings are not generally
designed to accommodate this, some adaption is necessary to
help smooth airﬂow into the turbine path, and the beneﬁts of
this have been identiﬁed by Aguilo et al. [28] and Wang et al.
[29]. Although not a fully ducted system, some improvement in
airﬂow is anticipated. CFD analysis will be undertaken in subse-
quent stages of the development to optimise this.
To maximise the number of potential locations that may be
exploited, and to enable variable positioning to exploit aug-
mented airﬂows, the design of the cowl also allows considerable
ﬂexibility in the positioning of the turbine. Fig. 12 shows a variety
of positions on a 90◦ corner. This could be horizontal mounting
on roof pitches from ﬂat to 45◦; horizontal mounting on parapetFig. 13. Architectural integration parapet and ridge.
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provide efﬁciency and capacity though increased scale. In the
built environment market there are limitations to the scale of
turbine that can be accommodated both technically in terms of
loads, and visually in terms of scale and integration.Fig. 14. Architectural integration corner.
will be subject to wind shadowing or lack access to prevail-
ing winds on leeward sides, especially at edges, so siting must
account to prevailing winds.
The cowl provides an interface with the host building to assist
with visual integration and this is illustrated in Figs. 13 and 14
which show photomontages of placement on a range of building
types and situations.
The cowl material has the potential to be varied with colour
and to some degree texture to match building materials. There
are a number of possible materials that may be used to form the
cowl, themostobviousbeing compositematerials suchasglass or
carbon reinforced plastics. This may provide the opportunity for
the cowl to act as amonococque structure.However, the localised
loads at the shaft connection may be difﬁcult to accommodate,
and issues of vibration would need to be analysed.
The alternative strategy would be to provide a steel structural
frame, with a very lightweight skin. The required shape of the
cowl naturally produces an anticlastic form and this allows the
use fabrics and ﬁlms. Aswell as being very lightweight, these canildings 42 (2010) 2365–2375 2373
also potentially provide somedegree of transparencymay reduce
its visual impact and aid visual integration, as well as being be
easily replaceable.
The importance of visual appearance and integration should
not be underestimated in this market. Whilst planning guidance
[30] and more recent consultations on extensions of permitted
development rights attempt to ease issues of planning permis-
sion, in many situations it will still be required. Furthermore,
improved appearance, ﬂexibility of installation and integration
will enhance wider acceptance by architects and the public. This
issue is particularly important with regard to installation on
existing buildings.
A key aspect of the proposal is that ofmodularity. As previously
discussed, conventional turbine development has attempted toFig. 15. 6kW proven VAWT vs 6 No 1kW Crossﬂex.
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The intention behind Crossﬂex is to produce a relatively small,
but potentially modular device. Keeping the turbine small helps
to minimise and distribute structural loads, reduces vibration to
the host structure, and reduces the scale of plant required for
installation.
Amodular systemcanuse a larger number of units can increase
capacity. This is an especially important characteristic in relation
to corner and edge mounting on tall buildings whereby instal-
lation capacity is signiﬁcantly greater. This can be illustrated in
Fig. 15, which shows a comparison of the visual impact of a 6kW
VAWT turbine with 6 Crossﬂex turbines on the Newbery Tower,
a campus building at GSA.
The use of Crossﬂex provides a far more disbursed model and
there are also fewer localised structural point loads. Although
there are a larger number of ﬁxings these will be taking much
smaller loads, so can more rapidly installed bolt or anchor sys-
tems. In this example, installed capacity could be between a
factor of 4 or 6 times greater if all possible mounting locations
where used.
Modularity also leads to economies of scale derived from
reduced manufacturing costs and generic ﬁxing and installation
systems. It enables interchangeable components for mainte-
nance or change in appearance (for example material or colour
or the cowl). Conventional building mounted installations have
signiﬁcant installation costs and technical difﬁculties, for exam-
ple structural loads, and installing a larger number of units need
not necessarily increase these. Indeed modularity can also assist
with the feasibility of installation if components can be kept
small enough to be easily handled and assembled in situ with
the minimum of plant.
. Conclusions
There is a rising demand for renewable energy technologies
ue to escalating targets for CO2 reduction, increasing fuel costs,
nd incentives such as feed in tarrifs. The small wind market has
xpanded rapidly, and whilst well-speciﬁed, well-sited turbines
anmake very useful contributions, there is an underlying concern
hat there has been a rush tomarket of conventional machines that
re not sufﬁciently well adapted for use in urban environments.
Thebuilt environmentmarket ismorecomplex than rural instal-
ations, with a number of compound interactions involving human
actors such as clients, speciﬁers, designers, the public, legislatory
nd statutory bodies, as well as technical issues such as turbulence,
nstallation, safety and environmental impacts. It is therefore crit-
cal that devices for this market need to be designed with these
actors in mind. The development of turbines that are visually
ttractive and capable of being integrated on both newand existing
uildings increases this market.
This research offers tentative validation that the characteristics
f Crossﬂexoffer signiﬁcant advantages over conventionalDarrieus
urbines in termsof performance andusability. It has demonstrated
hat variation in blade pitch can contribute to overall performance
hrough balancing of torques, optimisation of rotor speed and
ver-speed protection. Furthermore, the inclusion of a cowling
mproves other characteristics, including structural performance,
xings, visual appearance and building integration.
However, furtherwork is required to progress this design. Issues
o overcome self-starting torques, andmechanisms to induce twist
re critical. Additional work will be undertaken through design
evelopment and prototyping to develop and test blade-twisting
echanisms for passive speed control, some of which have been
iscussed here. Research will also be conducted to further exam-
ne the types of generators that may be appropriate to this system
nd test the ability to ‘daisy-chain’ multiple machines connected
o larger single generators.
[
[
[
[ildings 42 (2010) 2365–2375
Subsequent stages will involve supplementary computer mod-
ellingusingComputational FluidDynamic analysis tomodel airﬂow
over the cowling to establish the nature of augmentation and ﬂow
stability that may occur, and to optimise the design in respect of
these. This stage will also investigate materials that may be used
for the cowling, in terms of both functional and aesthetic perfor-
mance and also possible behaviour of the frame as a mechanism
for inducing passive twist in the blades. These designs will be eval-
uated against common building types to test methods of ﬁxing,
loads distribution and integration under a variety of built form
conditions. The goal will be to undertake full-size prototyping and
empirical validation of the design through establishing measured
performance and output.
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